ABSTRACT: Polyethylene wear is a known complication in total joint arthroplasty, however, in vivo wear rates in reverse total shoulder arthroplasty (RTSA) remain largely unknown. This study aimed to quantify volumetric and surface deviation changes in retrieved RTSA humeral liners using a novel micro-computed tomography (mCT)-based technique. After IRB-approval, 32 humeral liners (single manufacturer and model) with term-of-service greater than 90 days were analyzed. Clinical demographics and surgical data were collected via chart review. Unworn liners were used as geometric controls. Retrieved and unworn liners underwent mCT scanning. Retrieved liner volumes were isolated, co-registered to controls of matching geometry, and surface deviations of the articulation surface and rim were computed. Differences in total volume loss (TVL), volumetric wear rate (VWR), and surface deviation were reported. Semi-quantitative grading evaluated rim damage presence and severity. Mean term-of-service for all liners was 2.07 AE Keywords: reverse total shoulder arthroplasty; retrieval analysis; in vivo wear; micro-computed tomography; articular surface deviation
The generation of polyethylene wear debris due to wear of arthroplasty components has been well established in total knee and total hip literature 1, 2 ; however, few reports exist defining and quantifying changes in polyethylene volume within reverse total shoulder arthroplasty (RTSA). The introduction of microscopic polyethylene wear particles into the surrounding biologic environment is of concern as it presents a risk of an osteolytic biologic response in the surrounding tissue. This can potentially lead to a biologic cascade resulting in bony resorption around the implant requiring the need for revision surgery. [3] [4] [5] Specific to RTSA, scapular notching which is described as impingement of the humeral liner and scapular neck, remains a radiographic finding after RTSA. [6] [7] [8] This impingement may further contribute to generation of polyethylene debris in the shoulder environment, and conversely, the same process of wear-induced osteolysis may be a potential contributor to progression of scapular notching. 8, 9 A number of retrieval studies have reported the presence of in vivo humeral liner wear and resulting polyethylene damage on these components. 5,9-11 Nam et al. 10 first described several damage modes on the articular surface of humeral liners, most severely on the inferior quadrant of the liner. In a series of seven retrieved RTSA liners, Day et al. 5 reported rim damage as the predominant source of damage to humeral liners. Wiater et al. 11 reported the presence of several polyethylene damage modes on both the articular and rim surfaces of the humeral components. Although these studies indicate the presence of damage and frequency of polyethylene damage on humeral liners, no quantitative data on volume or linear wear can be taken from these retrieval analyses.
Mathematical and computational modeling has also been employed to estimate polyethylene wear rates of RTSA. [12] [13] [14] [15] In addition to these models, RTSA wear simulations have been utilized to predict RTSA wear evaluating varying design and material choices. [16] [17] [18] [19] [20] [21] [22] Although good predictors of component wear, it is still largely unknown if these predicted wear rates are representative of true in vivo wear rates in RTSA. Lewicki et al. 23 developed and utilized a coordinate measurement machine protocol to calculate wear volumes of 10 retrieved polyethylene liners. They found total volume losses ranging from 40 to 90 mm 3 and volumetric wear rates as elevated as 470 mm 3 /year, establishing evidence of significant wear in RTSA humeral liners. However, this analysis was conducted on a relatively short-term cohort, with only five liners having implantation times greater than 3 months, and limited to volumetric measures of wear. There is a continued need to quantify RTSA polyethylene wear on a larger population with a greater implant term of service to evaluate potential geometric or clinical factors that may impact the generation of polyethylene debris.
The purpose of this study was to quantify in vivo volumetric loss and surface deviation of retrieved polyethylene components of RTSA systems utilizing a novel mCT analysis technique. To date, no studies have calculated in vivo wear of both the articular surface and rim surfaces of humeral RTSA components. We hypothesized components would demonstrate quantifiable volume loss with the potential to initiate an osteolytic response on both the articulation surface and the rim of retrieved humeral components.
METHODS Study Population and Clinical Data Collection
Following an institutional review board (IRB)-approved protocol, all orthopedic devices removed at our Institution were collected, cleaned, and cataloged in an electronic database for long-term storage in an inert environment. This database was queried for all RTSA devices with a polyethylene humeral liner component. Of the 87 retrieved RTSA devices which met these criteria, the most frequent model (n ¼ 50, 57.5%), the Trabecular Metal Reverse Shoulder System (Zimmer, Warsaw, IN), was selected for analysis due to the availability of a single model. This model uses conventional polyethylene that is gamma sterilized and packaged in an inert environment. Further selection was made to exclude liners with term of service (TOS) less than 90 days, as this time frame primarily represents early acute post-surgical failures occurring prior to the patient returning to normal activity period. The resulting final study population consisted of 32 liners that underwent subsequent volume and surface deviation quantitative analysis. The specific model of each liner was pulled from the electronic database records and confirmed via visual inspection, as necessary. Clinical demographic (age, gender, BMI, term of service (TOS), index surgery diagnosis, revision diagnosis) and surgical data (scapular notch grade, liner diameter, conformity, and thickness) for this study population were collected under an additional IRB-approved protocol.
Rim Damage Grading
A rim damage semi-quantitative grading scheme was developed to identify the existence of macroscopic patterns of damage and percentage of the rim the damage covered. Humeral liners were divided into superior, inferior, left, and right quadrants, and each quadrant was assigned a 0-3 rim damage score based on the proportion of surface area exhibiting macroscopic physical damage (0-no damage; 1-damage on 1-10% of surface; 2-damage on 11-50% of surface; 3-damage on 51-100% of surface). Quadrant scores were summed to produce an overall score for each liner between 0 and 12, with 0 representing no damage and 12 representing greater than 50% damage in all quadrants of the liner. Scores were independently assigned by two coauthors (MDK, MDN) and the results were averaged to produce a final score for each liner. The final score was utilized to stratify volume and surface deviations of liners in subgroups displaying no macroscopic rim damage compared to liners with visible rim damage. An inter-rater correlation coefficient of 0.921 (95% confidence interval: 0.888-0.944) was observed between graders, indicating a high level of inter-rater agreement.
mCT Scanning Protocol To enable quantitative determination of volumetric wear and surface deviation of retrieved liners, unworn control liners of each model were provided by the manufacturer for comparison. The manufacturer also provided digital computer-aided design models for each liner geometry in stereolithography (STL) format, referred to as digital controls. Unworn control liners underwent micro-computed tomography (mCT) scanning (VivaCT-80, Scanco Medical AG, Br€ uttisellen, Switzerland) at 45 kVP, 117 mA with 48 mm isotropic voxels. Scans were exported in DICOM format, imported into MATLAB (Mathworks Inc., Natick, MA), and liner volumesof-interest (VOIs) using an automated algorithm based on intensity thresholding. A threshold of À750 Hounsfield units (HU) was chosen by comparing the volumes of the scanned liner VOIs to their respective digital controls and adjusting the threshold iteratively to minimize error between the two volume measurements, and this threshold was used for all subsequent analysis. A secondary upper threshold of 100 HU was also used to filter residual dried blood and tissue from retrieved implants, however, this threshold had negligible impact on unworn control liners.
Unworn controls had a mean error of À3.08 AE 67.12 mm 3 (percent error: À0.062% AE 0.608%) compared to digital volumes, and these two datasets yielded a correlation coefficient of R 2 ¼ 0.9996, indicating a high level of agreement between scanned unworn liners and corresponding digital controls. Volumes of each unworn control liner were further validated against gravimetric volume calculations by converting material volume using a known polyethylene density (0.945 g/cm 3 ) yielding a mean error of À4.59 AE 21.57 mm In order to quantify inherent variability in individual liner volumes, n ¼ 3 unworn control liners were provided by the manufacturer in the most common model of the study population (40 mm diameter, nonretentive, þ3 mm offset). Volumes of unworn controls were compared to digital control volumes, producing a mean difference À5.15 AE 19.07 mm 3 and mean percent error of À0.049% AE 0.180%. A 95% confidence interval was calculated from this data and used as an estimate of variability in volume measurements.
Determination of Volume Loss
Retrieved liners were analyzed based on a previously described technique. 16 Briefly, liners underwent scanning per the mCT scanning protocol described previously, exported to MATLAB, and underwent VOI isolation ( Fig. 1A and B) . Visual inspection of these liners revealed that four liners exhibited signs of significant iatrogenic backside deformation caused by the extraction tool during explanation. Resultantly, these four liners were excluded from further volume analysis, however, they were still included in subsequent rim and articulation surface deviation analysis as these surfaces were still intact. Overall volumes of the retrieved liners were compared directly to digital controls to compute changes in volume. Digital controls were utilized for this comparison as they possess the most representative volume for each liner geometry. Retrieved liners volumes were characterized in terms of total volume loss (TVL, mm 3 ) and volumetric wear rate (VWR, mm 3 /year of service). Retrieved liners were compared to scanned unworn controls to calculate linear surface deviations. VOIs of retrieved and unworn liners, taken from mCT scans as described above, were triangulated into mesh objects (Fig. 1C) , exported in STL format, and subsequently imported into Meshlab, a freeware mesh-processing software. 16 In Meshlab, meshes were resampled using Poisson disk sampling to achieve equally spaced vertices, smoothed to reduce the stair-step inherent in voxel-derived data, and reconstructed via Poisson reconstruction to ensure a closed, "water-tight" surface. Retrieved liners were then co-aligned with geometrically matched unworn control liners (Fig. 1D) . The front surfaces of each liner pair were roughly co-aligned using manually selected feature points, and this registration was fine-tuned using an iterative closest-point algorithm. At each vertex, surface deviations (defined as the Euclidean distance between the retrieved liner and the closest point on the unworn control) were calculated (Fig. 1E) . The resulting 3D surface deviation map was then re-imported to MATLAB, and a custom interface was used to isolate the articulation surface and rim from the front surface of the liner (Fig. 1F) . For each retrieved liner, mean surface deviations were calculated for the whole front surface, rim only, articulation surface, and superior, inferior, anterior, and posterior quadrants of the articulation surface.
Data and Statistical Analysis
Statistical analysis was performed using SPSS (IBM Inc., Armonk, NY). Data were collected and reported as mean AE standard deviation or frequency (percentage). Repeatedmeasures ANOVA was utilized to compare rim damage grade as a factor of humeral quadrant, with a Sid ak post hoc test. Spearman rank order correlation coefficient was calculated to assess correlations of TWL, VWR, and surface deviation to term of service and rim damage score. Liners were also stratified into subgroups based on the absence or presence of rim damage (defined as a rim damage score >0) to elucidate any resulting differences in TVL, VWR, assessed via student's t-test. To explore potential effects of clinical demographics, surgical data, and implant geometry on wear, Spearman correlations were performed between all outcomes variables and age, BMI, laterality, and liner geometry, and two-way ANOVA was used to assess differences on the basis of index surgery and revision diagnoses. Significance for all analyses was set at p < 0.05.
RESULTS

Clinical Demographics and Surgical Data
At the time of revision surgery to remove the implant, the study population had a mean age of 67.8 AE 10.6 years (range: 45-90 years), a mean BMI of 29.6 AE 5.9 (range: 18.0-39.1), and a mean TOS of 2.06 AE 1.41 years (range: 0.30-5.03 years). A breakdown of the study population by gender, laterality, index surgery diagnosis, revision diagnosis, scapular notching grade, 6 and specific liner geometry (diameter, constraint, and offset) is given in Table 1 . Twenty-six out of thirty-two liners (81.25%) displayed either Grade 0 or Grade 1 scapular notching in the dataset, demonstrating no to minimal radiographic evidence of this phenomenon. As only one liner in the cohort was removed due to pain, this liner was excluded from statistical analyses assessing the effect of revision diagnosis due to insufficient sample size.
Rim Damage Scoring
The overall presence of rim damage (defined as a rim damage score <0) was observed on 20 liners (20/32, 62.5%), with several liners exhibiting severe deformations across a substantial portion of the rim (Fig. 2) . The mean rim damage score was 2.8 AE 3.0 (range 0-9.5) across all humeral liners. The incidence of rim damage was highest in the posterior quadrant (12/32, 37.5%), followed by the inferior (10/32, 31.3%), superior (7/32, 21.8%), and anterior quadrants (6/32, 18.8%). Stratifying by quadrant, the highest mean rim damage score was present in the inferior quadrant (1.3 AE 1. 
Correlation to Clinical Demographics and Surgical Data
Neither TVL or VWR correlated significantly to clinical variables or implant geometry. Bearing surface deviation was weakly but significantly correlated with BMI (r ¼ 0.368, p ¼ 0.038). Stratifying the articulation surface by quadrant, weak but significant correlations were found between anterior articulation surface deviation and BMI (r ¼ 0.395, p ¼ 0.025), posterior articulation surface deviation and BMI (r ¼ 0.360, p ¼ 0.043), and inferior articulation surface deviation and geometric offset (r ¼ 0.424, p ¼ 0.016). No significant differences in TVL, VWR, or surface deviation were measured as a function of preoperative diagnosis or reason for revision.
DISCUSSION
In vivo wear rates of RTSA polyethylene components have not fully been determined. Utilizing a novel mCT analysis protocol, our study determined volumetric wear rates of RTSA humeral liners in a single series of retrieved humeral components. Additionally, our study identified in vivo surface deviation changes of both the articulation and rim surfaces. Our results indicate the presence of significant volumetric and linear wear in our cohort, with significant correlation between TOS and articulation surface wear. Rim damage was found on a majority of liners and correlated to increased rim surface deviations.
Macroscopic rim damage was reported on 62.5% of our retrieved humeral liners in our study population, determined by a rim damage score greater than zero. This likely includes a sub-population of liners that experienced unintended wear due to component impingement, improper implant positioning, or component loosening. However, even excluding the liners that exhibited rim damage, notable volume loss and articulation surface deviation occurred on several liners, suggesting that even in implants without rim damage, humeral liners in RTSA systems exhibit wear rates at levels that may contribute to osteolysis and bony resorption around the implant. This may further contribute to the scapular notching process, specifically in the higher notching grades when the notch extends past the most inferior screw of the baseplate. 6 Our data indicated that the most frequent rim quadrant to display damage was the posterior quadrant; however, the inferior quadrant maintained the highest severity of rim damage. Interestingly, articulation and rim surface deviation correlated significantly to one another, while articulation surface deviation was not correlated to rim damage score. A possible explanation is that substantial wear of the articulation surface may cause continued wear of the articulation surface into the rim, resulting in articulation-based wear of the rim surface.
Bearing surface deviation correlated significantly with TOS and TVL also correlated weakly to TOS, though this correlation was not significant in our dataset. Differences in volumetric changes and surface deviation changes were observed in liners with and without rim damage. In general, this is consistent with previous simulations and models that predict a consistent wear rate for a device with increasing volume loss over time due to daily activity and use of the joint. The use of TOS as a predictor of wear is limited by its inability to account for activity level. Schmalzried et al. 24 demonstrated that measures of activity level are highly correlated polyethylene wear in the setting of THA. Currently there is no analogous, validated tool to assess activity level of the shoulder. Future correlation of such a measure of shoulder activity with measures of RTSA polyethylene wear may further define our understanding of factors that contribute to polyethylene wear.
An overall VWR of 114.50 AE 160.33 mm 3 /year was measured in our study population, with the most severe bearing surface deviation and rim damage occurring on the inferior aspect of the liner. Previous computational and wear simulation studies have predicted the wear rates of humeral liners, and data from these studies are largely in agreement with the results of the current study. Results from this study can be considered with previous wear simulations to elucidate the clinical relevance of these simulations.
In addition to the correlation of TOS to measures of wear, our results also indicate weak and moderate (though significant) correlations to clinical and implant variables, including BMI and geometric offset. These correlations should be understood to be exploratory, as the size of our dataset precluded the use of multivariate statistical modeling techniques such as multiple linear regression. Future studies on a larger cohort of retrieved liners could enable more definitive conclusions to be drawn about the effects of clinical demographics and implant geometry on in vivo wear rates.
This study is not without its limitations. Humeral liner wear was only calculated for one manufacturer and model type. This decision was made do to the frequency of this model within our Institution's Implant Retrieval Library. Continued analysis and testing of other models and larger, multi-model populations is warranted to fully elucidate the parameters that impact wear of humeral liners in RTSA. Iatrogenic damage was seen to negatively affect volume results-surgeons should maintain caution, if possible, during revision surgery to preserve liners for subsequent retrieval damage and volume analysis. Additionally, since all liners evaluated in this study were explanted due to failure, our data may not fully represent a well-functioning implant. The selection of liners for this study was based on available liners collected in the retrieval program and inherently created a selection bias with respect to the entire population of arthroplasty liners. It may be helpful to evaluate components post-mortem to evaluate wear rates of well-functioning RTSA systems. For our study, the surface deviation metric utilized in this study is based on Euclidean distance and thus does not distinguish directionality (i.e., recession vs. protrusion of the worn surface). Furthermore, quantitative delineation of the relative contributions of wear and plastic deformation to overall surface deviation is not feasible. Observationally, we found that liners primarily exhibiting bearing surface wear had minimal evidence of plastic deformation at the edges, suggesting that limited plastic deformation occurred in these cases and that a majority of bearing surface deviation occurs due to wear. Further studies should be considered to investigate these damage processes on retrieved liners. In cases of severe rim deformation, marked deformation of the original liner shape was observed along the edges of the implant, suggesting that plastic deformation is the predominant mode of rim damage.
CONCLUSION
The calculation of in vivo wear rates can help bridge the gap between clinical outcomes and experimental models such as wear simulations and mathematical modeling. Data from our study demonstrated measurable changes in volume and surface deviations of both the articulation and rim surfaces. Wear debris produced from these changes may have an impact on implant longevity due to the inherent risks of wear debris induced osteolysis. Continued investigation is warranted to further elucidate how specific model geometries and clinical parameters may impact implant wear and clinical outcomes.
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